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FOREWORD 


The  present  reoort  summarizes  the  phase  diagram  investigations 
carried  out  over  a  four-year  period  under  USAF  Contract  No.  AF  33 (615)  - 1  249 . 

Tb^  program  was  initiated  under  Project  No.  7350,  Task  No.  735001,  on 
1  January  1964  and  continued  under  a  two-year  extension  effort  through  1967. 

Also  contained  in  this  compilation  are  phase  diagram  data  gathered  under  two 
ether  Air  Force  programs,  AF  33(6  15)-67-C-1513  and  JITRI  Subcontract  P.O. 

No.  37942,  over  the  time  period  from  April  1967  through  April  1969. 

All  experimental  investigations  were  carried  out  at  the  Materials  Research 
Laboratory,  Aerojet-General  Corporation,  Sacramento,  while  part  of  the  final 
data  .reduction  and  evaluation  was  performed  by  the  author  at  the  Oregon  Graduate 
Center  in  Portland,  Oregon.  The  contract  was  administered  under  the  direction 
of  the  Air  Force  Materials  Laboratory,  Wright-Patterson  Air  Force  Base.  The 
project  engineers  were  Capt.  R.A.  Peterson  (1964)  and  Capt.  P.J.  Marchiando 
(MAMCI  0965  to  1963).  Dr.  E.  Rudy,  Aerojet-General  Corporation  (now  at  the 
Oregon  Graduate  Center,  Portland,  Oregon),  served  as  principal  investigator , 
and  Prof.  Dr.  H.  Nowotny,  University  of  Vienna,  as  consultant  on  the  first 
project. 


Personnel  who  contributed  in  full,  or  in  part,  to  the  program  included 

E.  Rudy  (principal  investigator) ,  C.E.  Brukl,  St.  Windisch,  D.P.  Harmon, 

J.R.  Hoffman,  Y.A.  Chang,  T.E.  Eckert,  J.  Pomodoro ,  R.  Cobb,  and 

F.  Taylor. 

A  total  of  44  Technical  Reports,  covering  in  detail  the  phase  diagram 
work,  as  well  as  the  thermochemical  calculations  performed  on  the  individual 
systems,  vere  issued  in  the  course  of  the  programs.  Additional  studies  on 
binary  transition  metal  systems  during  the  same  time  period  were  only  of 
peripheral  interest  to  the  overall  scope  of  the  program  and  were,  therefore, 
not  reported  formally.  It  was  decided,  however,  to  include  these  phase  diagram 
data  in  this  Summary  Report. 

The  titles  of  the  documentary  reports  which  have  been  published  pre¬ 
viously,  or  are  presently  in  print,  are  listed  below. 
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ABSTRACT 


This  report  contains  a  summary  o.  the  phase  diagram 
work  conducted  under  U.S.  Air  Force  Contract#  AF  33(615)-1249 
and  AF  33(6 1  5)-67-C-  1  5 1  3  over  the  time  period  from  1  January 
1964  through  April  1969.  Systems  studied  include  binary  transi¬ 
tion  metal  systems,  binaiy  and  ternary  systems  of  refractory 
transition  metals  with  carbon,  boron,  silicon,  and  nitrogen,  and 
selected  concentration-temperature  sections  of  higher  order 
systems  involving  the  same  elements. 
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INTRODUCTION  AND  REPORT  ORGANIZATION 
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Introduction 

The  phase  diagram  data  presented  in  this  report  contain  the  essential 
results  of  a  five  year  effort  on  alloy  constitution  studies  at  the  Materials 
Research  Laboratory  of  Aerojet-General  Corporation  in  Sacramento,  California. 

From  the  wealth  of  available  experimental  data  it  became  evident 
towards  the  end  of  the  project,  that  much  o.r  the  essential  information  might 
become  lost  in  the  details  of  the  documentary  reports  published  on  the  individual 
systems;  furthermore,  the  distribution  of  these  documentary  reports  was 
limited  and  thus  the  information  was  available  only  to  a  fairly  small  number 
of  individuals.  After  several  meetings  with  Air  Force  technical  personnel 
monitoring  the  research  effort,  notudy  Messrs.  J.  Krochmal,  W.  Ramke,  and 
Capt.  P.J.  Marchiando  of  the  Ceramics  and  Graphite  Branch  at  Wright- 
Patterson  Air  Force  Base,  it  was  decided  to  extract  the  salient  data  from  the 
individual  system  reports  and  combine  them  in  a  single  volume  compendium. 

Although  the  temporary  value  of  a  mere  data  collection  was  realized, 
it  was  felt  that  such  a  summary  volume  might  provide  a  convenient  source  of 
high  temperature  phase  equilibrium  data  in  this  technically  important  class  of 
systems,  especially  since  most  of  the  data  are  new  ami  unpublished.  It  is 
planned  to  have  this  report  followed  by  a  more  comprenensive  and  detailed 
publication  at  some  later  datt  . 

Report  Organization 

The  wealth  of  detailed  phase  equilibrium  data  has  forced  us  to  make 
compromises  in  respect  to  amount  and  detail  of  the  material  presented.  Thus, 
tc  ’'.cep  th  .  size  of  the  volume  within  reasonable  limits,  only  the  most  impor. 
ten*,  references  were  included  and  short  disci  ssions  were  limited  ;o  those 
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systems  on  which  no  previously  published  documentary  reports  are  available 
for  further  reference.  Brief  remarks  were  also  added  in  the  reference 
section  in  instances  where  recent  findings  have  superseded  some  of  the  earlier 
data . 


The  phase  diagrams  of  the  various  systems  are  grouped  in  the  report 
in  the  order  shown  below  (Me,  Mej,  Me2  =  refractory  transition  metal): 


1 . 

Binary  Systems  Mei-Mc2 

2. 

Binary  Systems  Me  -  (7 

3. 

Binary  Systems  Me-El 

4. 

Binary  Systems  Me-Si 

5. 

Ternary  Systems  Mei-Me2-C 

6. 

Ternary  Systems  Me-Si-C 

7. 

Ternary  Systems  Me-Si-B 

8. 

T .  V/ a  .  P 

*  '*  **w  *  >  w|  w 

9. 

Ternary  Systems  Me-B-C 

10. 

Ternary  Systems  Mej-Me2-N 

The  general  order  in  which  the  individual  systems  from  a  given  alloy 
group  are  presented  follows  <he  group  number  of  the  component  metals  in 

the  periodic  system  and  proceeding  from  the  lighter  to  the  heavier  elements. 
Thus,  for  example,  the  ternary  systems  Mej-Me^-C  begin  with  Ti-Zr-C 
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and  continue  through  Ti-W-C.  Next,  all  zirconium-containing  systems, 
beginning  with  Zr-Hf-C,  are  listed,  then  all  hafnium  systems,  and  so  forth. 

The  part  of  the  report  containing  the  phase  diagram  data  collection  is 
preceded  by  a  compilation  oi  the  most  important  references  and,  in  some 
instances,  also  a  short  description  of  the  results  leading  to  the  finally  accepted 
phase  diagram. 


II.  NOTES  AND  REFERENCES  TO  THE  PHASE  DIAGRAM  COLLECTION 
CONTAINED  IN  THIS  COMPENDIUM 

A.  BINARY  TRANSITION  METAL,  SYSTEMS 

The  work  on  the  transition  metal  binaries  was  conducted 
over  the  time  period  from  May  through  /  jgust  1967.  While  of  only  peripheral 
interest  in  the  overall  scope  of  the  program,  the  investigation  of  these  systems 
has  not  been  covered  in  separate  documentary  reports;  a  brief  description 
of  some  of  the  systems  is  therefore  given  in  sections  preceding  the  references. 

Section  III. A .  1 ,  Ti-Zr-System 

The  finally  adopted  phase  diagram.  Figure  1,  is  oased 

mainly  on  the  work  by  E.T,  Hayes  et  al  Early  melting  point  data^  '  ^  are 

supplemented  by  measurements  carried  out  in  this  laboratory  (Figure  2).  Thj 

reported  a-P-transformation  temperatures  reported  are  compiled  in  Figure  3, 

preference  being  given  to  the  data  by  E.T.  Hayes  et  al .  ^  and  by  P.A.  Farrar 
(3) 

and  S.A.  Adler  .  Lattice  parameter  data  are  shown  in  Figure  4.  Further 
references  may  be  found  in  the  handbooks  listed  under  (4),  (5),  and  (6). 
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Major  References: 


(1)  E.T.  Hayes,  A.H.  Roberson,  and  O.G.  Paasche:  USBM  Report 
No.  4826,  Nov,  1951. 

(2)  J.D.  Fast:  Rec.  Trav.  Chim.  58(1939),  973. 

(3 )  P.A,  Farrar  and  S.A.  Adler:  Trans  AIME  236  (1966),  1061  . 

(4)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 

1958).  —  — 

(5)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  1965). 

'' )  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2  (Pergamon 
Press,  New  York,  1967). 


Section  HI.  A.  2.  Ti-Hf-System 


Major  References: 


(1)  E.T.  Hayer  and  D.K.  Deardorff:  USBM-U-345  (1957). 

(?.)  Y  .  A,  Chang :  USAF  Tech.  Repi.  AFML- TR-65-2,  Part  11,  Yol.V 
(May  1966). 

(3)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGruw- Hill ,  New  York, 
1958). 

(4)  R.P.  Elliott:  Co/vatitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  Njw  York,  1965). 

(5)  W.B.  Pear sc>)  ■.  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alky  a  (Pergamon  Pre^  ,  New  York,  1958);  Volume  2 
(Pergamon  Press,  New  York,  1  967). 


4 


£ 


i.MNfcl  . . . 


Section  III.  A.  5.  Ti-Ta  System 


Major  References: 


(1)  D.  Summers -Smith:  J.  Last.  Met.  8_i  (1952/1953),  73. 

(2)  D.J.  Maykutli,  H.  R.  Ogden,  indR.I.  Jaffee •  Trans.  AIME  197 
(1953),  231. 

(3)  P.D.  Dudberg  and  K.J.  Shakova:  Invest  Akad.  Nauk.  SSSR.,  Neorg. 
Mat.  3  (19671.  656. 

(4)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 
1958). 

(5)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  19b 5). 

(6)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2 
(Pergamon  Press,  New  York,  1967). 


Section  III. A. 6.  Ti-Cr  System 


Major  References: 


(1)  R.J.  VanThyne,  H.D.  Kessler,  and  M.  Hansen:  Trans.  ASM  44 
(1952).  974. 

(2)  P.A.  Farrar  and  H.  Margolin:  Trans.  AIME  227  (1963),  1342. 

(3)  M.K.  McQuillan:  J.  Inst.  Met.  79  (1951).  379. 

(4)  F.  Ermains,  P.A.  Farrar,  and  H.  Margolin:  Trans.  AIME  221 
(1961).  904. 

(5)  F.B.  Cuff,  N.J.  Grant,  andC.F.  Floe:  Trans.  AIME  194  (1952),  848. 

(6)  W.S.  Micheev:  Trud.  Inst. Met.  Baikova  No. 2,  Izd.  Alc:.l.  Nauk 

SSSR  (Moskan  1957),  i54. 

(7)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1958). 

(8)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  Vorlci  19b5). 

(9)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergan’on  Press,New  York,  1958);  Volume  2  (Pergamon 
Press,  New  York  "i. 
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Section  III.  A.  7.  Ti-Mo  ay  b  icui 


Major  References: 


(1)  M.  Hansen,  E.  L.  Kamen,  H.D.  Kessler,  and  D.J.  McPherson:  Trans. 
AIME  W.  (1951),  881. 

(2)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1958). 

(3)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 

(McGraw-Hill,  New  York,  19b5).  *  ** 

(4)  W.B.  Pearson:  Handbook  of  Lattice  Spacing*  and  Structures  of  Metals 
and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2  (Pcxgamon 
Press,  New  York,  1967). 


Section  Ill, A. 8.  Ti-W  System 


Major  References: 


(1)  D.J.  Maykuth,  H.R.  Ogden,  and  R.I.  Jaffee:  Trans. AIME  197  (1953), 
231. 

(2)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill, New  York,  1958). 

(3)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 

(McGraw-Hill,  New  York,  1985).  *~~~  1  ** 

(4)  W.B.  Pearson:  "Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergarncn  Press,  New  York,  1958);  Volume  2  (Pergamon 
Press,  New  York,  1967). 


Section  III.  A.  9.  Zr-Hf  System 


Major  References: 


(1)  J.D.  Fast:  J.  Appl.  Phys.  23,  No.  3  (1952),  350. 

(2)  E.T.  Hayes  and  D.K.  Deardorff:  USBM-U-345  (1957). 

(3)  R.F.  Domagaia:  J.  Less-Comn.  Met.  J_l^  (1966),  70-72. 

(4)  D.P.  Harmon:  USAF  Tech.  Rept.  AFML-TR-65 -2,  Part  II.  Vol.VI 
(Aug.  1966). 

(5)  M. Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1958). 

(6)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  1965). 

(7)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergarnon-PreisTTJew-Yorl^  1958);  Volume  2  (f’ergarnon 
Press,  New  York,  1967). 
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Section  III.  A.  10  Zr-V  System 


Major  References: 

J.T.  Williams:  Trans.  AIME  203  (1955).  345. 

M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 
1958). 


R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  Ifork,  1965). 

W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  r958);  Volume  2 
ffergamon  Press,  New  York,  1967). 


Section  III.  A.  11  Zr-Nb  System 
Major  References: 

B. A.  Rogers  and  D.F.  Atkins:  Trans.  AIME. 

C. E.  Lundin  and  R.H.  Cox:  US  Atomic  Energy  Comm.  TID-12369 
(1960). 

A.G.  Knapton;  J.JLess  Comm. Met.  2  (I960),  119. 

Y.F.  Bychkov,  A.N.  Rozanov,  D.M.  Skorov:  Soviet.  J .  At.  Energy 
2  (1957),  165. 

C.W.  berghout:  Phys.  Lett.  1  (1962),  292. 

M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1956). 

R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(M cGr a w-Hi  11  ,~Hew  ?orlc]  19t>5). 

W.B.  Pearson:  .Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2 
(Pergamon  Press,  New  York,  1967). 


Section  III. A.  12.  1  Zr-Ta  System 
Major  References: 

D.E.  Williams,  R.J.  Jackson,  and  W.L.  Larsen:  Trans. AIME  224 
(1962),  751. 

L, F.  Pease  and  J.H.  Brophy.  Trans.  AIME  227  (1963),  1245. 

V. S.  Emelyanov,  YuG.  Godin,  and  A. I.  Evstyukhin:  Soviet  J.  Atom. 
Energ.  2  (1957),  43. 

D.P.  Harmon  and  C.  E.  Brukl:  USAF  Report  AFML-TR -65-2,  Part  n, 
Vol.  in  (Jan.  1966). 

M.  Hansen;  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1958). 

R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  19bb).  " 

W. B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press.  New  York,  1958);  Volume  2 
(f’ergainon  Press,  New  York,  1967). 


Section  III.  A.  13  Zr-Cr  System 


The  constitution  diagram  established  by  us  in  general 

confirms  previous  work  by  E.T.  Hayes  etal.  and  R.  F.  Domagala  etal.^. 

(3  4) 

The  allotropy  of  the  ZrCr^'  '  '  also  was  confirmed.  Quenching  studies  con¬ 

clusively  showed  the  C14-type  modification  to  be  the  high  temperature  pol^unorph, 
whereas  the  CIS-type  laves  phase  forms  the  stable  modification  below  approxi¬ 
mately  1600°C  (a  -  7.197  X  to  a  =  7.219  X  ).  These  findings  are  in  accord  wits 

(4) 

those  of  C.G.  Jordan  and  P.  Duwez  . 


Major  References: 


E.T.  Hayes,  A.H.  Roberson,  and  M.H.  Davies:  Trans. AIME  194 
(1952).  304.  - 

R.F.  Domagala,  D.J.  McPherson,  and  M.  Hansen:  Trans.  AIME  197 
(1953).  279.  - 

W.  Roetoker:  Trans.  AIME  £97  (1953),  304 

C.G.  Jordan  and  P. Duwez:  Jet  Propul.  Lab.,  Calif. Inst.  Tech.,  Prog. 
Rept.  20-196  (1953).  Work  quoted  in  (6). 


J  fa.yjlj.a . JU,,„  :• 


(5)  M.  Hansen:  Constitution  of  Binary  Alloys  ^McGraw-Hill,  New  York, 
1958). 

(6)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 

(McGraw-Hill,- New  VorR,  T9F5TT  *  * 

(7)  W.B.  Pearson:  Handbook  of  Lattice  Spacinss  and  Structures  of 
Metals  and  Alleys  (Pergamon  Press,  New  York,  1958);  Volume  2 
(Pergamon  Press,  New  York.  >967). 


Section  IH.  A.  14  Zr -Mo  System 

In  the  revised  phase  diagram, Rgirt  HI. A. 14.1, a  ninimum 
in  the  p-Zr  solid  solution  and  a  peritectic  reaction  isotheim  L+  P-Zr  +  ZrMo2 
replaces  the  eutectic  reaction  at  1520*C  proposed  by  R.F.  Domagala  et  al,^. 

The  new  results  are  based  on  careful  melting  point  determinations, Figure  ILLA.14.2, 
lattice  parameter  measurements,  Flgires  I  VIA.  14.3  xtd  IV.A.14.4,but  especially  »i  rrttal  - 
lographic  studies  on  heat-treated  and  quenched  alloys.  The  supersaturated 
|l-(Zr,Mo)  solid  solution  containing  more  tuau  ~20  At%  Mo  disproportionate s 
very  rapidly  upon  cooling  insulting  precipitation  structures  very  closely 

resemble  (compare  the  micrographic  series  shown  below)  eutectic  struc¬ 
tures;  this  may  explain  the  previous  finding  of  an  eutectic  by  R.F.  Domagala 
et  al.*l). 


The  homogeneity  range  of  the  only  intermediate  phase, 

ZrMo?,  must  be  very  small,  because  no  variation  of  the  lattice  parameter 

with  ir.e  composition  could  be  defected.  In  the  average,  a  -  7,600  +  0,001  A 

were  measured  for  the  cubic,  C  15-typc  phase;  this  parameter  agrees  well 

(2  4) 

with  data  reported  in  the  literature'  '  . 
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Figure  (a): 


Zr-Mo  (70-30  At%). 
2  Minutes  at  159C*C 
Second. 


Melted,  Reequilibrated  for 
and  Cooled  at  ^120*C  per 


P-(Zr,  Mo)  Solid  Solution  Showing  Inter  -  and  Intraeranular 
Nucleation  Centers  for  the  Precipitation  of  ZrMo* 


Figure  (b): 


Same  Alloy  as  in  Figure  (a), 
per  Second  from  1590'C. 


but  Cooled  at  ^10*C 


Partially  Composed  p-Zr  Solid  Solution. 

X-Ray  Analysis:  MZr,  Mo)-ss  Containing  Approxi 
mabrdy  20  At%  Mo  (a  =  3.50  X)  and 
ZrMo  (a  =  7.600  X). 


Figure  (cy 


Figure  (d): 


Zr -Mo  (65-34  At%)  Melted,  Reequilibrated  at  1590®C 
and  Cooi.d  at  •*  100°C  per  Second. 

Note  Beginning  Decomposition  of  the  P-Phase. 

X-Ray:  Mostly  A2,  a  -  3,435  X  . 


Same  Alloy  as  (c).  but  Cooled  at  Less  Than  20”C 
per  Second  from  1590*C. 

Note  the  Close  Resemblance  of  the  Disproportionation 
Structure  to  a  Eutectic  or  Eutectoid  Structure. 


P  s 


maywfuroir'r^"  ■-  ■  - w r  *p«w mw* i • "-  ■•  *■  0m>- r  t  "wiv 


Figure  (e):  Zr-Mo  {66-34  At%),  Melted  and  Quenched. 

Peritectic  Reaction  Structure 


X375 


Major  References: 


R.F.  Domagala,  I.J.  McPherson,  and  M.  Hansen:  Trans  AiiME 
m(1953),  73. 

M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 
1958). 

R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  SUjQlement 
(McGraw-Hill,  New  York,  1 96 iT-  " 

W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  1956);  Volume  2 
{t’ergarrion  I^ress,  New  York,  1967). 


Section  III. A.  15  Zr-W  System 


The  phase  relationships  in  the  zirconium-tungsten 

system  were  recently  reexamined  in  this  laboratory  by  Y.A.  Chang^.  The 

general  features  of  the  resulting  diagram.  Figure  1  ,  correspond  to  those 

(2) 

originally  established  by  R.F.  Domagala  et  al.  .  For  the  P-Zr  +  ZrW2 
eutectic  temperature,  our  data  confirm  the  measurements  by  G.A.  Geach 
et  al.^,  being  somewhat  at  variance  with  the  values  given  in  (2). 

Major  References: 

(1)  Y.A.  Chang:  Unpublished  work  >mder  USAF  Contract  33(6  1  ?)  -  1249 
(1967). 

(2)  R.F.  Domagala,  D.J.  McPherson,  and  M.  Hansen:  Trans.  AIME 
197,  73. 

(3)  G.A.  Geach  and  F.  Slattery:  Trans.  AIMS  J_97  (1953),  743  . 

(4)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 
1958). 

(5)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  1965). 

Section  III .  A .  lfe  ,  1  Hf-V  System 

Previous  investigations  of  the  system  by  S.  Komjathy*'^ 

are  considerably  at  variance  with  more  recent  work  done  at  the  U.S.  Bureau 

(2) 

of  Mines  .  With  the  exception  of  a  peritectic  isotherm  L  +  V  z  Hf  V  2  at 
1480°  proposed  in  the  latter  work,  the  redetermination  of  the  phase  relation¬ 
ships  in  this  iaboratory^^  is  in  good  agreement  with  the  investigation  at  the 
U.S.  Bureau  of  Mines.  Lattice  parameters  of  a  =  7.398  A  (Hf-  rich)  to 

a  =  7.386  A.  (V-rich)  for  the  cubic,  C15-type,  HfV2  phase  (3)  fall  into  the  range 

(4-6) 

of  values  reported  earlier  in  the  literature 
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Major  References: 


(1)  S.  Komjathy:  J .  Less  Common  Met.  ^3(1961),  468. 

(2)  D.K.  Deardorff,  M.I.  Copeland,  L.L.  Od.in,  and  H.  Kato:  U.S. 

Bur.  Mines  Rept.  of  Invest.  No.  6594.  1965. 

(3)  E.  Rudy  and  St.  Windisch:  J ,  Less  Common  Met.  (1968),  13. 

(4)  M.  Hansen:  Constitution  u  1  Binary  Alloys  (McGraw-Hill,  New  York,  1958) . 

(5)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGra w -Hill,  New  York  PJiS). 

(6)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  195#);  Volume  2 
(Per  gam  on  Press,  New  York,  1967). 

Section  III.  A,  17  Hf-Nh  System 

The  melting  temperatures  of  Hf-Nb  alloys  determined 

in  this  laboratory  support  the  occurrence  of  a  melting  point  minimum  such  u a 

(2) 

proposed  by  M.  A.  Tylkir^a  et  al . '  ' 

The  metallographic  and  X-ray  diffraction  evidence  aiso 
supports  this  finding,  since  alloys  located  at,  or  in  the  vicinity  of,  the 
position  cf  the  suspected  melting  point  minimum  proved  to  be  uncored  after 
quenching  from  liquidus  temperatures. 

Major  References: 

(1)  A  Taylor  and  N.  J .  Doyle:  J.Less  Comm.  Met.  7  (1964),  37. 

(2)  M.A.  Tylkina,  I. A.  Tsyganova,  and  Ye. M.  Savitckii:  Zhur.Nerog. 
Chim.  9,  No.  7  (1964),  1650. 

(3)  P.  Duwez:  J.  Appl .  Phys .  22  (1951),  1174. 

(4)  A.E.  Dwight:  Columbium  Metallurgy  (Inter  science.  New  York,  1961),  383 

(5)  M.  Hainan:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1968). 
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R.P.  Elliott:  Constitution  of  Binary  Alloys, 

First  Supplement 

(McGraw-Hill,  New  York,  1965). 

(7) 

W.B.  Pearson:  Handbook  of  Lattice  Spacing 

gs  and  Structures  of 

Metals  and  Alloys  (Perga.noi  Press,  New  Y 
(Pergamon  Press,  New  York,  1967). 

ork,  1958):  Volume  2 

Section  Ilf. A.  18  Hf-Ta  System 

Major  References. 

(1) 

L.L.  Ode  i,  D.K.  Deardorff,  M.I.  Copeland,  anJH.Kato:  U.S.  Bi’.r  . 
Mines  Rept.  of  Invest.  6521  (1960. 

(2) 

M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York,  1968) 

(3) 

R.P.  Elliott:  Constitution  of  Binary  Alloys 

,  First  Supplement 

(McGraw-Hill,  New  York,  1965). 

Section  III.  A.  19  Hf-Cr  System 


The  only  previously  available  information  concerned 
existence  and  structure  of  the  intermediate  phase  HfCr  HfCr^  is 

dimorphic,  having  a  hexagonal,  C14  (MgZnz)  type  of  structure  (a  =  5.067  51  , 
c  -  8.237  X  )  up  to  1  000  °C  ,  and  a  cubi  c,  C  1  5 -type  structure  (a  -  7  .  1  5  X  )  above 
1200°C^.  The  polymorphy  of  HfCrz  was  confirmed  by  S.P.  Alisova  ct  alX“^, 
but  the  MgZn^-type  attributed  to  che  high  temperature  polymorph,  whereas  the 
Cl  5-type  (a  *'■  4 . 26  K  )  was  said  to  be  stable  below  approximately  1100°C. 

Our  experiments  (4)  ascertained  the  C  1  4 -modification  to  be  the  stable  form  a':  hi 
tempei  atures ;  the  phase  has  a  noticeable  homogeneity  range  at  elevated  tem¬ 
peratures,  extending  from  approximately  64  At.%  Cr  (a  -  5.090  X,  c  =  6.25  X) 
to  n7  At.  %  Cr  (a  -  5.05t  X,  c  -  8.21  X)  at  1500°C. 

Major  References: 

(1)  R.P.  Eiiiott:  USAF  Contract  AF  18{600)-642,  Tech.  Rept .  No.  1 ,  1954  . 

(2/  S.P.  Aissova,  P.B.  Budgerg,  and  K.I.  Shakova:  Kr istallographiva  9 

(1963).  100.  '  " 


(3)  R.P.  Elliott:  Trans.  ASM  5_3  <  196  1 ),  321 

(4)  E.  Rudy  and  St.  Windisch:  J  .  Less  Comm .  Metals  13  (1968,,  i3. 

(6)  M.  Hansen.  Constitution  of  Binary  Alloys  (McGraw-Hill.  New  York,  1958). 

(6)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  1965). 

(7)  W.B.  Peat-son:  Handbook  of  Lattice  Spacings  and  Structures  of 
Metals  and  Alloys  (Pergamon  Press,  New  York,  1958),  Volume  2 
(Pergamon  Press,  New  York,  1967). 


Section  III.  A.  20  Hf-Mo  System 

Except  for  some  details  concerning  the  pltase  equilibria 
in  the  hafnium-rich  region  d  the  system,  our  work  confirms  the  previous 
investigations  by  A.  Taylor  et  al.^^.  The  solidus  liquidus  tempe~atures  in 
hafnium-rich  alloys  are  separated  by  only  a  very  small  temperature  interval, 
as  evidenced  by  the  melting  beliavicr  as  well  as  by  the  fact  that  practically 
no  coring  could  be  observed  metallographically  and  by  X-rays  in  alloys 
quenched  from  the  liquid  state.  While  there  appears  little  question  concern¬ 
ing  the  polymorpnous  nature  of  KfMo  experiments  conducted  under  the 

present  program  indicate  the  occurrence  of  the  different  modifications  to  be 
more  affected  by  the  stoichiometry  of  the  alloys  than  indicated  in  the  work 
by  (1).  Since  the  transformation  behavior  of  HfMoz  does  not  appear  to  be  I 

sufficiently  delineated,  it  is  uot  shown  in  the  diagram  depicted  in  Figure  1  ,  f 

Major  References 

(1)  A.  Taylor,  N.J.  Doyle,  and  J .  Kagle:  J  .  Less  Comm .  Met.  3  (1961),  265.  .  . 
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(4)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement  * 

(McGraw-Hill,^ lew  York,  1965). 

(5)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  ,  v 

Metals  and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2  « 

(pergamon  Press’,  flew  York,  1967),  !,  x 
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Section  III.  A.  21  Hf-W  System 


The  melting  isotherms  determined  in  this  work  agree 

0  {  1  } 

within  the  error  limits  with  earlier  measurements  by  H.  Braun  and  E.Rudy  , 

however,  the  composition  of  the  nonvariant  melts  as  well  as  the  eutectoid, 

as  determined  in  thU  work,  clearly  are  in  favor  of  the  data  reported  by 
(21 

B.C.  Giessen  et  al. 
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Section  LU.  A.  22  V -Nb  System 


Major  References: 


(*) 
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Cai  IbCui  aild  3  .  M.  Dickii»son; 


n«.  a  tv4r 

A  urro  .  A  A  AA  *  •  a— «  w  V  o 


M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 
1958. 


(3)  W.B.  Pearson:  Handbook  of  Lattice  Spaciigs  and  Structures  of 

Metals  and  Alloys,  (Pergamon  Press,  NewYork,  1958);  Volume  2 
(Pergamon  f’ress,  New  York,  1967). 
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Sect  ion  1II.A.23  V-Ta  System 
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BINARY  TRANSITION  METAL-BORON  AND  METAL- 
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General  References  to  Sections  JII.C.  and  III.D.: 


(1)  M.  Hansen:  Constitution  of  Binary  Alloys  (McGraw-Hill,  New  York, 

1958).  “ 

(2)  R.P.  Elliott:  Constitution  of  Binary  Alloys,  First  Supplement 
(McGraw-Hill,  New  York,  1965). 

(3)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2  (Pergamon 
Press,  New  York,  1967). 


Section  111.  C  ♦  1 .  Ti-B  System 


Report  Reference: 

(1)  E.  Rudy  and  St.  Windisch:  US  Air  Force  Tech.  Doc.  Report  AFML- 
TR-65-2,  Part  I,  Vol.  VII  (Jan  1966). 


Section  JII.C.  2.  Zr-B  System 
Report  Reference: 

(1)  E.  Rudy  and  St,  Windisch:  US  Air  Force  Tech,  Doc.  Report  AFML- 
TR-65-?. ,  Part  I,  Vol.  VIII  (Jan  1966). 
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Section  IU.C.  3  Hf-B  System 


Report  Reference 


E.  Rudy  and  St.  Windisch:  US  Air  Force  Tech.  Doc.  Report  AFML- 
TR-65-2,  Part  T.  Vol.  IX  (Feb.  1966). 


Section  ni.C  .  4  V -B  System 


Report  Referent  e: 


Rudy  and  St.  Windisch:  US  Air  Force  Tech.  Doc.  Report  AF-KL- 
-65-?,,  Part  I,  Vol.  X  (May  1966). 


Section  III.C  .  5  Nb-B  System 


Report  Reference: 


E.  Rudy  and  St.  Windisch:  US  Air  Force  Tech.  Doc.  Report  AFML- 
TR-6:-2,  Parti,  Vol.  X  (May  1966). 


Section  III.C .6  Ta-B  System 


Report  Reference: 

E.  Rudy  and  St.  Windisch:  US  Air  Force  Tech.  Doc.  Kepoi  i  AFML- 
TR-65-2,  Parti,  Vol.  X  '.May  1966). 


Section  IU.C.7 


Mo-B  System 


Report  Reference: 


E.  Rudy  and  St.  Windisch:  US  Air  Force  Tech.  doc.  Report  AFML 
TR-65-2,  Part  I,  Vol.  Ill  {Sept.  -965). 


Section  III. C.  8  W-B  System 


Report  Reference 


E.  Rudy  and  St.,  Windisch:  US  Air  Force  Tech.  Doc.  Keport  AFML 
TR-65-2,  Part  I.  Vol.  Ill  (Sept.  1965). 


Section  III.  D. )  Zr-Si  System 


Report  Reference- 


C.E.  Brukl:  US  Air  Force  Tech.  Doc.  Rreport  AFML-TR-65-2 
Part  I.  Vol.  XUI  (Nov.  1967). 


Section  III.  D.  2  Hf -Si  System 


Report  Reference: 


C.E.  Bruk.l:  US  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  I,  Vol.  XIII  (Nov.  1967). 


D. 


TERNARY  SYSTEMS  Mej-Me^-C ,  Me-Si-C,  Me-Si-R, 
Me,-Me2-B,  Me-B-C,  and  Me-B-N 


Section  ILL.E.  Ternary  Metal-Carbon  Systems 
Section  III  ■  F  .  Quaternary  Metal-Carbon  Systems 
Section  III.G.  Metal. Silicon-Carbon  Systems 
Section  1II.H.  Metal-Silicon-Boron  Systems 
Section  III. I.  Terna ry  Metal-Boron  Systems 
Section  HI-FI.  Metal-Boron-Carbon  System 
Section  III.  L.  Ternary  Metal-Nitrogen  Systems 

The  following,  general,  references  may  be  consulted 
for  a  comprchens’ve  compilation  of  earlier  work  on  these  ternary  system 
classes: 

(1)  R.  Kieffer  and  F.  Benceovsky:  Hartstoffe  (Springer,  Wien,  1963). 

(2)  W.B.  Pearson:  Handbook  of  Lattice  Spacings  and  Structures  of  Metals 
and  Alloys  (Pergamon  Press,  New  York,  1958);  Volume  2  (Pergamon 
Press,  New  York,  1967'. 

Section  III.E.l  Ti-Zr-C  System 

References: 

(1)  C.E.  Brukl  and  D.P.  Harmon:  US  Air  Force  Tech.  Doc.  Report 
AFML-TR-65-2,  Part  II,  Vol.  IV  (Feb.  1966). 

(2)  Yu.V.  Voroshilov,  L.V.  Gorshkova,  N.M.  Popova,  and  T.F.  Fedorov 
Pororhk.  Metallurgiya  No.  5  (1967),  81  . 
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Section  III. £.2  Ti-Hf-C  System 


References: 

(1)  C.E.  Brukl  and  D.P.  Harmon:  US  Air  Force  Tech,  Doc.  Rept. 
AFML-TR-65-2,  Part  II,  Vol.  IV  (Feb.  19c6), 

(/)  Yu.V.  Voroshilov,  L.V.  Gorshkova,  N.M.  Popova,  and  T.F.  Fedorov: 
Poroshk.  Metallurgiya  No. 5  (1967),  81. 


Section  UI.E.3  Ti-V-C  System 
References: 


(1)  W.N.  Eremenko  and  L.A.  Tretyatsenko:  Poroshk.  Metallurgiya  6 
(1964),  27. 

(2)  T.F.  Fedorov,  L.V.  Gorshkova,  and  £.1.  Gladyshevskiy:  Russian 
Metallurgy  (Eng.  Transl.),  4  (1966),  60. 

(3)  L.A.  Tretyatsenko  and  V.N.  Eremenko:  Poroshk.  Metallurgiya,  _7 
(1966),  581. 

(4)  L.A.  Tretyatsenko  and  V.N.  Eremenko:  Poroshk.  Metallurgiya,  8_ 
(1966),  33. 

(5)  E.  Rudy:  US  Air  Force  Tech.  Doc.  Report  AFML-TR-69- 1 1  7,  Part  VII, 
"The  Phase  Diagram  Ti-  V-C"  (May  1969). 


Section  111,  E, 4  Ti-Nb-C  System 
References: 


(1)  P.  Stecher,  F.  Benesovsky,  A.  Neckel,  and  H.  Nowotny:  Monatsh. 
Chem.  95,  1636. 

(2)  T.F.  Fedorov,  N.M.  Pop  va  ,  and  E.I.  Glaay shevskiy:  Izvest.Akad 
Nauk  SSSR  Metall.  3_  (1965),  158. 

(3)  E.  Rudy:  UJ  Air  Force  Tech,  Doc.  Report  AFML-TR -69-1 1 7  ,  Part  I, 
"The  Phase  Diagrams  Ti-Nb-C,  T.-Ta-C,  and  T.-Mo-C"  (May  1969). 
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Section  111.E.5  'l'i-Ta  C  System 


References : 


(1)  J.G.  McMullin  and  J  .  T  .  Norton:  J.Met.  5  (1953),  1205  . 

(2)  C.E.  Brukl  and  D.P.  Harmon:  U.S.  Air  Force  Tech.  Doc.  Report 
AFML-TR-65-2,  Part  II,  Vol.  II  (July  1965). 

(3)  E.  Rudy:  US  Air  Force  Technical  Documentary  Report  AFML-TR- 
69-117,  Part  I,  "The  Phase  Diagrams  Ti-Nb-C,  Ti-Ta-C,  and 
Ti-Mo-C"  (May  1969). 


Section  1II.E.6  Ti-Mo-C  System 
References : 


(1)  H.J.  Albert  and  J  .  T .  Norton:  Planseebcr.  Pulvermet.  4(1956),  2. 

(2)  E.  Rudy:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-69-  1 17, 
Part  I,  "The  Phase  Diagrams  Ti-Nb-C,  Ti-Ta-C,  ar.d  Ti-Mo-C" 
(May  1969). 


Section  III ■  E.  7  Zr-Hf-C  System 
References : 


(1)  C.E.  Brukl  and  D.P.  Harmon:  U.S.  Air  Force  Tech.  Doc.  Report 
AFML-TR-65-2,  Part  II,  Vol.  IV  (Feb.  1966). 


Section  III.  E.  8  Zr-Ta-C  System 


Recent  findings  resulted  in  the  assumption  of  a  different 
mode  of  transformation  of  the  Ta^C-phase  (see  Section  III.B.6).  Although  the 
gros6  features  of  the  Zr-Ta-C  system,  as  presented  herein,  will  remain 


unaffected  by  these  changes  in  the  Ta-C  system,  certain  details  of  the 
ternary  phase  equilibria  near  the  Ta^C-phase  wil-  have  to  be  modified. 

References  : 

(1)  D.P.  Harmon  and  C.E.  Brus.1:  US  Air  Force  Tech.  Doc.  Rept. 
AFML-TR-65-2,  Part  II,  Vol.  Ill  (Aug.  1965). 

(2)  A. I.  Avgustinik  and  S.S.  Ordanyan:  Zhur.  Priki.  Chim.  V)  (1966),  318. 

Section  III. E.  9  Ta-Hf-C  System 

The  changes  introduced  by  the  different  mode  of  trans¬ 
formation  assumed  for  the  Ta,,C-phase  in  more  recent  work  (Section  III.B.6) 
are  being  investigated  at  the  present  time. 

References : 


(1)  E.  Rudy  and  H.  Nowotny:  Mh.Chem.  94.(1963),  507. 

(2)  E.  Rudy:  US  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2,  Part  II, 

Vol.  I  (June  1965). 

(3)  D.L.  Deadmore  and  I.  Zaplaty nsky :  NASA  Rept.  TN  D-2766  (April  1965), 

Section  III  E.  10.  V-Nb-C  System 

References : 

(1)  Y.A.  Chang:  US  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 

Part  II,  Vol.  XVI  (Dec.  1967). 
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Section  III. E .  1 1  Nb-Ta -C  Cystem 


References : 


E.  Rudy  and  P.  Booker:  >J.S.  Air  Force  Tech.  Doc.  P.eport  AFML- 
TP.-69-117,  Part  III,  ''Phase  Studies  in  the  Systems  V-Ta-C  and 
Nb-Ta-C"  (May  1969). 


Section  HI. E.12  Nb-Mo-C  System 
References : 


E.  Rudy,  F.  Ber.esovsky,  and  K .  Sedlatscnek:  Mh.Chem.  92  (1961) , 
84!. 

E.  Rudy,  C.E.  Brukl,  and  St.  Windisch:  U.S.  Air  Force  Tech.  Doc. 
Report  AFML-TR-65-2,  Part  II,  Vol.  XV.  Trar.s.  AIME  239  (1967), 
1”9 


Section  III, E.  13  Nb-W-C  System 
References: 


E.  Rudy  and  Y. A.  Chang:  Plansee  Proc.  1964,  786. 

E.  P.udy:  U.S.  Air  Force  Tech.  Doc.  Rept.  AFML-I  R=65  =  2,  Part  li, 
Vol.  XVIII  (March  1968). 


Section  IU.E.14  Ta-Mo-C  System 


References : 


E.  Rudy  and  Y.  A.  Char.g:  Plansee  Proc . ,  1964,  786. 

E.  Rudy,  St.  Winaiach,  and  C.E.  Brukl:  U.S.  Air  Force  Tech.  Doc. 
Rept.  AFML-TR-65-2,  Part  II,  Vol.  XVil  (Dec.  1967).  J.  Amer. 
Ceram.  Soc .  51  (1968),  239. 


Section  III.  L.  15  Ta-W-C  System 


The  illustrations  contained  in  this  report  represent 
an  updated  veiticn  of  the  system  published  in  ;2). 


References: 


(1)  E.  Rudy,  El.  Rudy,  and  F.  Benesovaky:  Mh.Cbem.  93_(1962),  1176. 

(2)  E.  Rudy:  U.S.  Air  Force  Tech.  Doc.  Rept.  AFML-TR  -65-2,  Part  U, 
Vol.  VIII  (March  1966). 


Section  III.F.l  TazC^C-Mo2C  Syatem 
References: 


(1)  C.E.  Brukl:  U.S,  Air  Force  Tech.  Doc.  Report  AFML-TR. 69- 1 17, 
Pa-t  IV,  "Effect  of  Molybdenum  and  Tungsten  or  the  Subcarbide 
Solutions  in  the  Systems  Ta-V-C  and  Ta-Nb-C"  (May  1969). 


Section  III.F.2  Ta2C-V2C-WzC  System 
References: 


(1)  C.E.  Brukl:  V.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-69- 1 17, 
Part  IV,  "Effect  of  Molybdenum  and  Tungsten  on  the  Subcarbide 
Solutions  in  the  Systems  Ta-V-C  and  Ta-Nb-C"  (May  1969). 


Section  HI. F . 3  Ta2C-NbzC-Mo;C  System 
References: 

(I)  C.E.  Brukl:  U.S.  Air  Force  Tech.  Doc.  Report  AF1-4L-TR-69- 1 1 7, 
Part  IV,  "Effect  of  Molybdenum  and  Tungsten  on  the  Subcarbide 
Solutions  in  the  Systems  Ta-V-C  and  Ta-Nb-C"  (May  1969) 
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Section  III.F.4  TajC-Nb^C- W^C  System 


References : 


(1)  C.E.  Erukl:  U.S.  Air  Force  Tech.  Doc.  Report  AFM.L-TR-69-  1 1 7 , 
Part  IV,  "Effect  of  Molybdenum  and  Tungoten  on  the  Subcarbide 
Solutions  in  the  Systems  Ta-V-C  and  Ta-Nb-C"  (May  1969). 


Section  III.G.4  Nb-Si-C  System 


References : 


L.  Brewer  and  O.  1,‘rikorian:  U.S.  AEC  Public.  UCRL-2544  (1954), 
(tentative  investigetion) . 

C.E.  Brukl:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  II.  Vol.  VII  (May  1966). 


Section  III.G.5  W-Si-C  System 


References : 


L.  Brewer  and  O.  Krikorian:  U.S.  AEC  Public.  UCRL-2544  (1954) 
(tentative  investigation). 

C.E.  Brukl:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Fart  II.  Vol.  VII  (May  1966). 


Sectior  in.G.  1  Hf-Si-B  System 


References: 


(1)  C.E.  Brukl-  U,S.  Air  Force  Tecfc.  Doc.  Reoi.  AFML-Tk-65-2, 
Part  U.  Vol.  X  (Sept.  1966). 


Section  UI. 1. 1  Ti-Zr-B  System 


References : 


(1)  T.E.  Eckert:  U.S.  Air  Force  Tech,  Doc.  Report  AFML-TR-65-2, 
Part  II,  Vol.  XII  (Jan  1967). 


•n't.  "j*  “■ 


Section  III.  I.  2  Ti-Hf-B  System 


References: 


Y.A.  Chang:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2 
Part  II,  Vol.V  (May  1966). 


Section  III.  I.  3  Zr-Hf-B  System 


References: 


D.P.  Harmon:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  U,  Vol .  VI  (Nov.  1965). 


Section  III.  1.4  Zr-W-B  System 


References: 


Y.A.  Chang:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  II,  Vol.  IX  (Oct.  1966). 


Section  III. I.  5  Hf-Mo-B  System 


Refe r  ence  s : 


D.P.  Harmon:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  II,  Vol.  XI  (Sept.  1966). 


Section  III. 1. 6  Hf  -W-B  System 


References: 


(1)  D.P.  Harmon:  U.S.  >.ir  For-'e  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  II,  Vol.  XI  (Sept.  1966). 

Sections  III. 1. 7;  III. 1. 8;  III. 1. 9;  ill. 1. 10: 

Investigations  of  Pse'idobinaries  Systems  Me(i)B;-Me(^Ba 
in  the  Systems  Zr-Nb-B,  Zr-Ta-B,  Hf-Nb-B ,  and  HI-Ta-B. 


References: 


(1)  T.E.  Eckert:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  II,  Vol.  XU  (Jan  1967). 

(2)  Y.A.  Chang:  U.S.  Air  Force  Tech.  Doc.  Report  AFML-TR-65-2, 
Part  U,  Vol.  IX  (Oct.  1966). 


Section  IU.K.1  Ti-B-C  System 
Major  References: 

(1)  H.  Nowotny,  F.  Benesovsky.  C.E.  Brukl,  and  O.  Schofo:  Mh.  Cbem. 
v2  (1961),  403. 

(2)  E.  Rudy  and  St.  Windisch:  U.S.  Air  Force  Tech.  Doc.  Report  AFML- 
TR-65-2,  Part  II,  Vol.  XIII  (Dec. 1966). 

Section  IU.K.  2  Zr-B  -C  System 
References : 

(1)  L.  Brewer  and  H.  Haroldsen:  J.Electrochern.Soc.  102  (1953) ,  399. 
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(2)  ri..  Nowotny,  E.  Rudy,  and  F.  Benesovsky:  Mh.Chem.  9^(1961),  393 

(3)  E.  R  idy  and  St,  Windisch:  U.S.  Air  Force  Tech.  Doc.  Report 

AFML -TR-65-2,  Part  II,  Vol.  XIII  (Dec.  1966). 

Section  III.K.3  Hf-B-C  System 
References : 

(1)  H.  Nowotny,  E.  Rudy,  and  F.  Benesovsky:  Mh.Chem.  9_2  (1961),  393 

(2)  E.  Rudy  and  St.  Windisch:  U.S.  Air  Force  Tech.  Doc.  Report 

AFML-TR-65-2,  Part  II,  Vol.  XIII  (Dec.  1966). 

Sect  on  III. K. 4  W-B-C  System 
References: 

(1)  1..  Brewer  and  H.  Haroldsen:  J.  Electrochem.  Soc.  i()2  (1955),  399. 

(2)  E.  Rudy,  F.  Benesovsky,  and  L.  Toth:  Z.Metallkde.  54_  (1963),  345. 

(3)  E.  Rudy:  U.S.  Air  Force  Tech.  Doc.  Report  AFM1.-TR-69-1 17, 

Part  V.  "The  Phase  Diagram  W-B-C"  (May  1969). 

Section  III.L.l  Hf-Ta-N  System 
References: 

(!)  S.  Rudy:  Dissert.  Techn.  Hochschule  Wien,  I960. 

(2)  P.  Booker  and  C.E.  Brukl:  U  S.  Air  Force  Tech.  Doc.  Report 
AFML-TR-65-2,  Part  VI,  "Phase  Equilibria  in  the  Metal-Rich 
Region  of  the  System  Hf-Ta-N”  (May  1969). 
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EMPERAT 


T.  -  ATOMIC  %  ZIRCONIUM  - ►  Zr 


Figure  IU.A.I.l:  Constitution  Diagram  Titanium-Zirconium 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 


TEMPERATURE, 


Figure  IU-A.  1.2:  Melting  Temperatures  of  Ti-Zr  Alloys.  I 

i 

(Temperature  Error  Figures  Based  on  Reproducibility)  j 
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Figure  III.A.1.3:  a -p -Transformation  in  Ti-Zr  Alloys. 


TEMPERATURE ,  °C 


1 


Figure  III.  A.  Z.?:  Melting  TemperaVures  of  Ti-Hf  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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TEMPERATUPE, °C 


1026*6' 


Figure  LLI.A.3.1:  Constitution  Diagram  Ti-V. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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» 


TEMPERATURE, 


Figure  III. A.  3.2:  Melting  Temperatures  of  Ti-V  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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ATTlCE  PARAMETER,  Angstrom 
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Figure  171.  A.  4.  1:  C 


-  ATOMIC  %  NIOBIUM 


onstitution  Diagram  T:-Nb. 


(Temperature  Error  Figures  Eased  on 
Estimated  Overall  Uncertainty). 


TEMPERATURE, °C 


Figure  111. A. 4. 2:  Melting  Temperatures  of  Ti-Nb  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III. A.  5.1:  Constitution  Diagram  Ti-Ta. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 


TEMPERATURE, 


Figure  III.  A.  5.2:  Melting  Temperatures  of  Ti-Ta  Alloys. 


(■) 


To 


ATOMIC  %  TITANIUM 


Figure  JJI.A.5.3:  Lattice  Parameters  of  the  3-(Ti,  Ta)  Solid 
Solution. 

(After  D.  Summers-Smith,  1952.  Alloys 
Quenched  from  800*  am  650'C,  Respectively). 


vigure  III  A. 6.  1:  Constitution  Diagram  Ti-Cr. 


(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  m.A.6.2.  Melting  Temperatures  of  Ti-Cr  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 


ATTlCE  PARAMETER, A.- gst 


Figure  III.A.fc.  3:  Lattice  Parameters  of  the  0-(Ti,Cr)  Solid 
Solution. 
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TEMPERATURE, °C 


Figure  III.A.7.3:  Lattice  Parameters  of  the  P-(Ti,Mo)  Solid 
Solution . 
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Figure  III.  A.  8.2:  Melting  Temperatures  and  Qualitative  Phase 
Evaluation  of  Solid-State  Equilibrated  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 


Figure  III.A.8.3:  Lattice  Parameters  of  Ti-W  Alloys. 
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Figure  III.  A.  9. 2:  Melting  and  a -|3 -Transfoi  mation  Temperatur 
of  Zr-Hf  Alloys. 


Figure  IH.A.9.3:  lattice  Parameters  of  the  a-(Zr ,  Hf)-Soli<J 
Solution. 
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Figure  UI.A.12.3:  Experimental  Data  for  the  Miscibility' 
Gap  and  the  Eutcctoid  Isotherm  in  tne 
Zr-Ta  System. 
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Solution. 


Figure  III.  A.  13.  1:  Constitution  Diagram  Zr-Cr  . 


(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  III. A.  13.2:  Melting  Temperatures  of  Zr-Cr  Alloys 

(Temperature  Error  Figures  Based  on 
Repr  oducibility) . 
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TEMPERATURE , 


Figure  III. A.  14.  1:  Constitution  Diagram  Zr-Mo. 

(Temperature  Error  Figures  Based  on  Estimated 
Overall  Uncertainty). 


86 


TEMPERATURE  , 


2  200  1-  ■  Mel,ed 

R  Thermal  arrest 


°  r?3  lRFDoT.cg.io  / 

■  Melted  jet  01,(953  / 

&  Thermal  arrest  J  / 

A  Incipient  melting  1  ^ 

O  Specimen  collapsed  f  h's  .  „  7 

investigsncn 
«  Melted  isothermol'y  . 


I900j-/I876t4°  L 


1800  J-  '\ 


This  / 

investigation 

/  o  o  > 

1  I980ii5°  .  1 

A0±^-A--\ 

'  I  ' 

/  ■  ■(  I 

/  8  °l 


I  700 1- 


\  \  157615“  ,  o 


"  \  /  1595110“  .  i* 


5  " 


40  60 

ATOMIC  %  MOLYBDENUM 


Figure  III. A.  14.2:  Melting  lemperatursf  of  Zr-ivlo  Alloys. 


(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  111. A.  14.  3:  Lattice  Parameters  of  the  ji-Zr  Solid  Solution. 

(Alloys  Quenched  from  the  Indicated  Temperatures). 
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Figure  ID. A.  15.2:  Melting  Temperatures  of  Zr-W  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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Figure  III. A.  15.3:  Lattice  Parameters  of  the  Tungsten  Phase 
in  the  (Zr,  W)  System. 
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TEMPERATURE 


Figure  III. A.  16.  1:  Constitution  Diagram  of  the  Hf-V  System 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty}. 
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Figure  III. A.  lb.<i:  Melting  Temperatures  of  Hf-V  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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ure  III.  A.  17.  1.  Constitution  Diagram  Nb-Hf. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  111.  A.  17.  Melting  Temperatures  of  Nb-Hf  Alio”-  . 

(Temperature  iCrror  Figures  Based  oil 
Reproducibility) . 
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Figure  III.  A.  18.2:  Melting  Temperatures  of  Ta -Hf  Alloys . 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III.  A.  19.2:  Melting  Temperatures  and  ijoiri  State 
Reactions  in  the  Hf-Cr  System. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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Figure  HI.  A.  20.  1:  Constitution  Diagram  of  the  System 
Hf-Mo. 


(Transformation  of  HfMo?  not  Shown. 
Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  IU.A.20.2:  Melting  Temperatures  of  Hf-Mo  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility/. 
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Figure  III.  A.  20.  4:  Lattice  Parameters  of  the  Molybdenum 
Phas^  in  the  {Hf,  Mo) -System . 
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Figure  III. A. 21. 1:  Constitution  Diagram  Hf-W. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainties). 
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Figure  III.  A.  2  1.2:  Solid  State  Reactions  in  the  Hf-Rich  Regi 
of  the  (Hf,  W)-System . 


TEMPERATURE, 


3400 

3200 

30C0 

;U  2500 

2600 

2400 

2  200 

2000 

1800 

O  20  40  60  80  IOO 

Hf  -  ATOMIC  %  TUNGSTEN  — ►  w 

Figure  III.  A, 21. 3:  Melting  Temperatures  of  Hf-W  Alloys. 

(Temperature  E~ror  Figures  B-.sed  on 
Reproducibility). 
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Figure  1x1. A. Z  1.4:  Lattice  Parameters  of  the  Tungsten  Phase 
in  the  (Hf,  W) -System. 
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Figure  in. A. 22.1:  Constitution  Diagram  V-Nb. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  III.  A.  22.  Z:  Melting  Terr  ^?ratures  of  V  -Nb  Alloys . 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III. A. 23. 1:  Constitution  Diagram  V-Ta. 

(Temperature  Error  Figures  Based  on 
Estimatea  Overall  Uncertainty). 
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Figure  XII. A. 24.  1:  Constitution  Diagram  of  the  System  V-Cr. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  in.A.24.2:  Melting  Temperatures  of  V  -Cx  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility). 
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Figure  III.  A. 24. 3:  Lattice  Parameters  of  the  (V,C:  )-Solid 
Solution. 
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Figure  Ill.  A.  25.  1:  Constitution  Diagram  V-Mo. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Unce  rtainty). 
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Figure  III.A.25.3:  Lattice  Parameters  of  V -Mo  Alloys  . 
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Figure  III.  A. 26.  1:  Constitution  Diagram  of  the  System  V-W. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  III. A. 26. Z:  Melting  Temperatures  of  V -W  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III.  A. 26. 3:  Lattice  Parameters  of  V-W  Alloys. 
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Figure  HI.  A.  27.  1:  Constitution  Diagram  of  the  System  Nb-Ta 

(Temperature  Error  Figures  Based  on 
Est;matcd  Overall  Uncertainty). 
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Figure  iIl.A.27.2:  Melting  Temperatures  of  Nb-Ta  Alloys.  1 

(Temperature  Error  Figures  Based  on  £ 

Reproducibility). 
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(Temperature  Error  Figures  Based  on 
Repr  oduc  ibility) . 
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Figure  Hi.  A .28,3:  Lattice  Parameters  of  the  Nb-Cr  Solid 
Solution. 


TEMPERATURE, 


Figure  III.  A. 29.  1:  Constitution  Diagram  Nb-Mo. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  III.  A.  29.2:  Melting  Temperatures  of  Nb-Mo  Alloys  . 

(Temperature  Error  Figures  Based  on 
Reproducibility  j . 
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Figure  III- A.  30.  2:  Solidus  Temperatures  of  Nb-W  Alloys. 

(Temperature  Error  Figures  Based  on 
Repr  oducibility ) . 
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Figure  IEL.A.30.3:  Lattice  Parameters  of  the  Nb-W  Solid 
Solution. 
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Figure  III.  A.  31.1:  Constitution  Diagram  of  the  Ta-Cr  System. 

(Temperature  Error  Figures  Based  oa 
.Lit imated  Overall  Uncertainty). 
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Figure  III. A.  31.2:  Melting  Temperatures  of  Ta-Cr  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III. A.  32.  1:  Constitution  Diagram  of  the  Ta-Mo  System. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 


Figure  III. A.  32.2:  Melting  Temperatures  of  Ta-Mo  Alloys. 
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Figure  III.A.32.3:  lattice  Parameters  of  the  (Ta,  Mo) -Solid 
Soli  on. 
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Figure  11*.  A.  3*. 2:  Melting  Temperatures  of  Mo-Cr  Alloy 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III.  A.  54.  3:  Lattice  Parameters  of  Cr-Mo  Alloy 
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Figure  HI. A.  35.  1:  Constitution  Diagram  Cr-W. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  HI. A.  36.  I:  Constitution  Diagram  of  the  System  Mo-W. 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty). 
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Figure  III. B.  3.2:  Melting  Temperatures  of  Hf-C  Alloys. 

(Temperature  Error  Figures  Eased  or. 
Reproduc;  bill'.  /  J . 
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Figure  :.fi . 


(Temperature  Error  Figures  Baseu  on 
Reproducibility). 
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B.  BINARY  TRANSITION  METAL-CARBON  SYSTEMS 


Figure  III .  B  .  1  .  1 :  Constitution  Diagram  of  the  System  Ti-C 


(Temperature  Error  Figures  B'ised  on  Estimated 
Overall  Uncertainty) 


temperature:, 


Figure  III.B.1.2;  Melting  Temperatures  of  Ti-C  Alloys 

(Temperature  Error  Figures  based  on 
Estimated  Overall  Uncertainty). 
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Figure  III .  B  .  1.3:  Lattice  Parameters  of  Titanium  M^nocarbide 

□  —  Quenched  from  Slightly  Above 
Soiidus  Temperatures. 

G  —  Melted  Samples  Reannealed  for 
40  hr s  at  1350°C. 


Maximum  Concentration  Uncertainty:  +  0.  4  At.%  C. 
Maximum  Uncertainty  in  Lattice  Parameters:  +  0.0008  X 
Combined  Content  of  Oxygen  +  Nitrogen:  <  150  ppm 


2< 


6< 


O 

Zr 


10  20  30  40 

- ATOMIC  %  CARBON 


50 


O 


Figure  III. B. 2.1:  Constitution  Diagram  of  the  Zr-C  Syste 

(Temperature  Error  Figures  Based  on 
Estimated  Overall  Uncertainty) . 
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Figure  III.  B.  Z.  Z.  Melting  Temperatures  of  Zr-C  Alloys. 

(Temperature  Error  Figures  Based  on 
Reproducibility) . 
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Figure  III. B.  5.2:  Melting  Temperatures  of  Nb-C  Alloys 

(Temperature  Error  Figures  Based  on 

Reproducibility). 
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Figure  III. B.  5.4:  High  Temperature  Transformation  and 
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Figure  I1I.B.6.  1:  Constitution  Diagram  of  the  System  Ta-C. 
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Figure  III.  B.  6.  Z:  Melting  Temperatures  of  Ta-C  Alloys. 


(Temperature  Error  Figures  Based  on 
Reproducibility). 
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Figure  UI.B.8.4:  Lattice  Parameters  of  Mo  C  Cooled  r 
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Figure  III. B.  8. 7:  Melting  Temperatures  ol  the  Mo2C-Phase. 
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Figure  III. B-  8. 8:  Melting  in  Carbon-Rich  Mo-C  Alloys. 
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Figure  III. B.  9.2:  Melting  Temperatures  of  W-C  Alloys. 
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Figure  III. C.  1.1.  Constitution  Diagram  of  the  Ti-B  System 
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Reproducibility) 
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Figure  HI. C.  1.2:  Melting  Temperatures  of  Ti-B  Alloys. 
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Figure  UI.C.  3.2:  Melting  Temperatures  of  Hf-B  Alloys. 
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Figure  III.C.4.  1:  Constitution  Diagram  of  the  System  V-B. 
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Reproducibility) . 
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Figure  III.C.B.2:  Melting  Temperatures  and  Qualitative 
Phase  Evaluation  of  W-B  Alloys. 


Figure  III.  D.  1.1:  Constitution  Diagram  of  the  System  Zr-Si 
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Figure  m.D.2.1:  Constitution  Diagram  of  the  Hf-Si  System. 
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Figure  TQ.D.Z.Z:  Melting  Temperatures  of  Hf-Si  Alloys  and 
Qualitative  Phase  Evaluation  of  Solid  State 
Equilibrated  Alloys. 
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Equilibrated  at  1500°C. 


Figure  III.  E.  2.  3:  Lattice  Fara.neMre  of  the  (Ti,Hf)C 
Solid  Solution  .ti  if  At.%  C  .  Alloys1' 
Equilibrated  at  ll>U(i“C. 


LATTICE  PARAMETER,  la  A 


ATOMIC  1  HI  EXCHANGE 


Figure  III..' E.  2. 4:  Lattice  Parameters  of  the  (Ti.HQCj 
Solid  Solution  at  -18  At . %  C  .  Alloys 
Equilibrated  at  1500°C. 
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Figure  III.E.3.11.  Isothermal  Section  of  the  Ti-V-C  System  at  1625°  C 
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Figure  III.  E.  3,  14.  Isothermal  Section  of  the  Ti-V-C  System  at  2000  C. 
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Figure  III.E.3.i.  Liquidus  Projections  in  the  Ti-V-C  System. 
Dotted:  Pseudobinary  Eutectic  Line 
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Figure  III.  £.3. 23.  Melting  Along  the  Monocarbide  +  Graphite  Eutectic  Trough 
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Figure  III. £.3. 27.  Lattice  Parameters  of  the  Carbon -Saturated  Monocarbide 

(Literature  and  Own  Data) 
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Figure  111. E. 3. 28.  Lattice  Parameters  of  the  (Ti, V)Cj_x(Bl)-Solid  Solution 

at  Various  Carbon  Defects 
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Figure  III. E. 4. 15.  Experimental  Melting  Temperatures  Along  the 

Monocarbide  +  Graphite  Eutectic  Trough. 
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Figure  III.  E.  4. 20.  Lattice  Parameters  of  the  Monocarbide  Solution  at 
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Figure  III.E.5.?.  Reaction  Diagram  for  the  Ti-Ta-C  System 
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Figure  III, E.  5.3.  Liquidus  Projections  in  the  Ti-Ta-C  Systems 
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Figure  III.  E.  5. 13 .  Isothermal  Section  of  the  Ti-Ta-C  System  at  3200°  C 
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Figure  III.  E.  5. 14.  Observed  Melting  Temperatures  in  Alloys  Located 
Along  the  Metal-Rich  Eutectic  Trough. 

Top:  Microscopically  Estimated  Location 
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Figure  IU.E.5.15.  Experimental  Melting  Temperatures,  Solid  State 

Reactions,  and  Qualitat:ve  Phase  Evaluation  of  Solid 
State -Equilibrated  Alloys  Containing  Between  30  and 
33.3  At.%  C 
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Figure  III. £.5.  16.  Observed  Order- Disorder  Transformation 

Temperatures  in  the  Subcarbide.  (Ta,Ti)^C,  Phase. 
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Figure  III. E. 5. 17,  Diagrammatic  Illustration  of  th-'  Termination  of  the 

Heterogeneous  Order- Disorder  Transition  in  Ta2C 
in  Limiting  Tie  Line  by  Titanium  Substitutions. 
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Figure  III. EL  5.20.  Experimental  Melting  Temperatures  in  Monocarbide  + 

+  Graphite  Alloys  and  Location  oi  the  uutectic  Trough. 
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Figure  IU.E.S.21.  Determination  of  the  Tie  Line  Distribution  in  the  Three 
Two-Phase  Fields  by  Lattice  Parameter  Measurements 
on  the  Coexisting  Phases. 

(Alloys  equilibrated  at  1500°C) 
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Figure  III.  E.  5. 22.  Lattice  Parameters  of  the  Subcarbide 
(Ta  , Ti)^C ,  Phase. 
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Figure  III. E. 6. 3.  Liquidus  Projections  in  the  Ti-Mo-C  System 
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Figure  III.  E. 6.9.  Isothermal  Section  of  the  Ti-Mo-C  System 
at  1750°  C 
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Figure  III.E.6. 12.  Isothermal  Section  of  '.he  Ti-Mo-C  System 
at  2500°  C 
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Figure  III.  E  .6 . 1 1 .  Isotherms  1  Section  of  the  Ti-Mo-C  System 
at  2750° C 
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igure  III.  E. 6. 14.  Experimental  Melting  Temperature*  of  Ti-Mo-C  Alloys 
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Top:  Microscopically  Estimated  Location 
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Figure  III.  E. 6. 17.  Determination  of  the  Tie  Line  Distribution  in  the  Two- 

Phase  Field  p+fc  by  Metal  Lattice  Parameter  Measure¬ 
ments  in  Two-Phased ,  Pf6,  Alloys. 


(Alloys  Equilibrated  at  1£00°C) 
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Figure  III.  E.  6. 18.  Determination  of  the  Coexisting  Monocarbide  Compositions 
in  Two-Phase,  <3+6,  Alloys  by  Lattice  Parameter  Measure¬ 
ments 

(Alloys  Equilibrated  at  1500°C) 
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Fiuure  III.  E.  (j  .  19.  Lattice  Parameters  of  the  Monocarbide  Phase  Along 
the  Section  TiC-MoCo.7o 

Dashed  Line:  Calculated  (see  report  reference) 


Figure  III.  E.  7. 2.  Reaction  Diagram  for  Ternary  Zr-Hf-C  Alloys 
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Figure  111. E. 7. 5.  Isothermal  Section  of  the  Zr-Hf-C  System 
at  1600“ C 


Figure  III. E. 7. 6.  Isothermal  Section  of  the  Zr-Hf-C  System 
at  1900°  C 
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Figure  III.  E.  7. 8. 


Isothermal  Section  of  the  Zr-Hf-C  System 
at  2030° C 
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Figure  III.E.V.  16.  Isothermal  Section  of  the  Zr-Hf-C  System 

at  3500°  C 
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Figure  III.  E,  7.21.  Melting  Temperatures  of  Monocarbide 

Alloys  at  <Zr,Hf)C0.8 
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Figure  III.E.7.22.  Melting  Temperaturef  of  Mo.’ocarbide 
Alloys  at  (Zr  ,  Hf)C.90-  .18 
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Figure  III.  E.  7. 23.  Melting  Along  the  Monocarbide  +  Graphite 
Eutectic  Trough 


Figuie  ILL. E. 7. 24.  Zr-Hf-C.  Incipient  Melting  of  the 
a-(Zr,Hf,C)-Phase 
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Figure  III. E. 7.25.  Bivariant  Melting  in  Metal-Rich  Zr-Hf-C 

Alleys  and  Location  of  the  Metal  .Rich 
Eutectic  Trough 
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Figure  III. E. 8. 6.  Isothermal  Section  of  the  Zr-Ta-C  System 
at  1700° C 
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Figure  III. E. 8. 15.  Isothermal  Section  of  the  Zr-Ta-C  System 

at  2750°  C 
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Figure  III. E. 8. 17.  Isothermal  Section  of  the  Zr-Ta-C  System 

at  3300°  C 
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Figure  III.E.8.19.  Isothermal  Section  of  the  Zr-Ta-C  System 

at  3600° C 
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Figure  III. E. 8. 20.  Isothermal  Section  of  the  Zr-IY  -C  System 

at  3800°  C 
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Figure  III.  E.  8. 21.  Isothermal  Section  of  the  Zr-Ta-C  System 

at  3900° C 
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Figure  III. E. 8. 2.2.  Lattice  Parameters  of  the  (Zr.Ta)Cj.x 
Solid  Solution  at  48  At.%  C. 
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Figurt  Ill.  E.  8. 23.  Lattice  Parameters  of  the  Monocarbide 

Solid  Solution  at  SO  At.%  C.  Alloys 
Qucnchid  from  Above  30C0°C 
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Figure  HI.  E. 8- 28.  Composition  of  the  Maximum  Solidus  (Tod) 

and  Maximum  Solidus  Temperature  of  the 
(Zr,Ta)Ci_x  Solid  Solution 


Figure  III.  E. 8. 29.  Collapsing  Temperatures  of  the  Zr-Ta-C 

Alloy  Series  Located  at  50  At.%  C. 
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ure  III. E. 9. 4.  Isothermal  Section  of  the  Ta-Hf-C  System 
at  1000° C 
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Figure  III. E. 9. 7.  Isothermal  Section  cf  the  Ta-Hf-C  System 
at  1  550°  C 
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Figure  III.  E.  9-  1 1  .  Isothermal  Section  of  the  Ta-Hf-C  System 

at  2 1 1 0°  C 
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Figure  III.  E  .  9 . 14, 


Isothermal  Section  of  tlu-  Ta-Hf-C  Systc 
at  2230" C 
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Figure  III.  K.  9.16.  Isothermal  Section  of  the  Ta-Hf-C  System 

at  25?0°  C 
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Figure  III  E.  9  .  i  7.  Isothermal  Section  of  the  Ta-Hf-C  System 

at  2?0(rC 
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Figure  III. E. 9. 20.  Isothermal  Section  of  the  Ta-Hf-C  Sys 

at  3400°  C 
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Figure  III.  E. 9. 22.  Isothermal  Section  of  the  Ta-Hf-C  System 

at  3800°  C 
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Figure  HI. E. 9. 26.  Lattice  Parameters  of  the  (Ta,Hf)C,_x  Solid 

Solution  as  a  Function  of  the  Carbon  Defect 
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Figure  III.  F,.  9. 31.  Maximum  Solidus  Temperatures  of  the 

Monocarbide  Solid  Solutions 


Top:  Composition  (±0.3  At.%)  of  the 
Maximum  Solidus 
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Figure  III. E. 9. 32.  Variation  of  the  Lattice  Parameters  of  the 
TaaC-Phase  with  the  Hafnium  Content. 
Alloys  Equilibrated  at  2000°  C 
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Figure  III. E. 9. 33.  Approximate  Solidus  Curve  Tor  the  (Ta,Hf)2C 
Solid  Solution 
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Figure  III. E. 9. 34. 


Compo.ntion  (Top)  and  Temperatures  of  the 
Eutectic  Trough  in  the  Metal -Rich  Poition 
Tantalum- Hafnium-  Carbon  System 
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Figure  III. E.  10.7.  Isothermal  Section  of  the  V-Nb-C  System 

Slightly  Above  1780°C 
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Figure  III.  E  .  10 . 8.  Isothermal  Sec  tion  of  the  V-Nb-C  System 

at  1 880' C 
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figure  III. E.  10.16.  Isothermal  Section  of  the  V-Nb-C  System 

at  3040°  C 
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Figure  iU.E.10.19.  Lattice  Parameters  of  the  Ternary  Hexagonal 

Subcarbide  Solid  Solution 
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Figure  III.  E.  10.24.  Location  (Top)  and  Melting  Temperatures 

(Bottom)  of  V-Nb-C  Alloys  Located  Along 
the  Monocarbide  ■*  Graphite  Eutectic  Trough 
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UI.  E.  11.5.  Isothermal  Section  of  the  Nb-Ta-C  Syeten 
at  1 500“  C 


8.  Isothermal  Section  of  the  Nb-Ta-C  System 
at  2400° C 


Nb  - ATOMIC  %  TANTALUM — ►  To 

Figure  III.E.  11.10.  Isothermal  Section  of  the  Nt-Ta-C  System 

at  2900° C 


Figure  III.  E.  1 1 . 14 .  Isothermal  Section  of  the  Nb-Ta -C  System 

at  3600° C 
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Figure  III.  E .  !  1  . 1 5  .  Isothermal  Section  of  the  Nb-Ta  -C  System 

at  :650°C 
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Figure  UI.E.»1.16.  Partial  Isotherm  of  the  I'Jb-Ta-C  System 

at  3800° C 
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Figure  Ill.  E.  1 1 . 17.  Experimental  Melting  Temperatures  and 

location  of  the  Metal  +  Subcarbide  Eutectic 
Trough 
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Figure  111.  E.  1 1 . 19.  Experimental  Solidus  Temperatures  for  the 

Monocarbide  (Bl)  Solution 


Figure  III.  E.  11.21.  Lattice  Parameters  of  the  (Nb.Ta^C  Solid 

Solution  at  28  and  33  At.%  C 


(Indexing  according  to  the  L'3-type) 
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Figure  III.  £.12,7:  Isothermal  Section  of  the  Nb-'v'o-C  S)  siem 
at  2240  °C. 
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F.gure  III.E.  12.  14:  lattice  Parameters  of  Monorarbije  Alloys. 

Alloys  Rapidly  Cooled  from  Z200"C. 
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Figure  III.E.  12.15:  Lattice  Parameters  of  the  Mo  C  Solid  Solution. 

Alloys  Rapidly  Cooled  from  2200°C-  Parameters 
are  Based  on  Indexing  According  to  the  L'3-Type 


Fijmre  JU.E.12.  16:  Temperatures  (Bottom)  and  Location  (Top) 

of  the  Metal-Rich  Eutectic  Trough  in  the 
Nb-Mo-C  System. 
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Figure  Ili.E.  12.  )  3 1  Experimental  Melting  Temperatures 

(Bottom)  and  Location  of  the  Monocarbide  + 
Graphite  Eutectic  Trough  in  the  Nb-Mo-C 


Figure  IH.E.  13.2:  Reaction  Diagram  for  Nb-W-C  Alloys. 
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Figure  III.E.  13.5:  Isothermal  Section  of  the  Nb-W-C  System 
at  2490 °C . 
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Figure  III.  F. .  1 


.6:  Isothermal  Section  of  the  Nb-W  -C  System 
at  Z6?0*C . 
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Figure  IH.E.13.9:  Lattice  Parameters  of  the  Tungsten -Rich 
Subcarbide  Solid  Solution.  Indexing  of  the 
Subcarbide  Phase  According  to  the  L'5-T 
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Figure  1II.E.  13.  10:  Lattice  Parameters  of  the  Cubic  Monocarbide 

Phase  in  1700®C  -  Equilibrated  Alloys . 
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Figure  III.  E.  1  3.  14:  Maximum  Solidus  Temperatures  of  the 

Monocarbide  Solid  Solution  in  the  Nb-W-G 
System. 

Top:  Composition  Line  of  the  Maximum  Solidus 
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Figure  lli.E.  13.15:  Melting  Along  the  (Nb  W)C,  +  C  Futectic 

Trough. 

Top:  Metallographically  Estimated  Location 
of  Eutectic  Trough. 
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Figure  III.  E.  14. 2:  Reaction  Diag-am  for  Ta-Mo-C  Alloys. 
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Figure  III. E.  14.4.  Ta-Mo-C:  Isopleth  at  TaC 
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Figure  III.  E.  14.9:  Isothermal  Section  of  the  Ta-Mo-C  System 
at  2230®C . 
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Figure  HI.  E.  14.  11:  Isothermal  Section  of  the  Ta-Mo-C  System 

at  280C°C. 
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Figure  III.  E.  14.  1 3:  Isothermal  Section  of  the  Ta-Mo-C  System 

at  3500’C . 
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Figure  III.  E.  14.  14:  Temperatures  (Bottom)  and  Location  (Top) 

of  the  Eutectic  Trough  Between  the  Metal 
and  the  Subcarbide  Solid  Solution  in  the 
Ta-Mo-C  System. 
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Figure  11I.E.  14.  17;  Melting  Along  the  Monocarbide  +  Graphite 

Eutectic  Trough  in  the  Ta-Mo-C  System. 
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Figure  in.E.  14.20:  Ta-Mo-C:  Lattice  Parameter e  of  t’le  Cubic 
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Figure  III .  F  .  15.5.  Isopleth  at  32  At .  %  C 
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are  III. £..  15.8.  Isothermal  Section  ol  the  Ta- W-C  System 
at  1 500°  C 
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Figure  III. E.  15.9.  Isothermai  section  ot  the  Ta-W-C  System 

at  1 750°  C 
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Figure  III.  E.  1  5  .  1  0.  Isothermal  Section  of  the  Ta  -  W-C  System 

at  1950°  C 
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Figure  1II.E.15.18.  Melting,  Solid  State  Reactions,  and 

Qualitative  Phase  Evaluation  of  Solid  State- 
Equilibrated  Alloys  Located  Along  the 
Section  Ta^C-W^C. 
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T(  Class  I  (eutectoid)  4-phuse  reaction 
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Limiting  three-phase  equilibnurri 
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Figure  III.E.15.19.  Diagrammatic  Illustration  of  the  Order- 

Disorder  Transition  of  the  Subcarbide 
Phase  in  the  Ta-W-C  Ternary 
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A+B*  |A  +  B' 


T  =  T 
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A. . Metal  solid  solution 

B.  .Subcarbide  solid  solution 

C._. Monocarbide  solid  solution 
_ Critical  tie  line 


Figure  Ill. E.  15.20.  Diagrammatic  Illustration  of  the 

Disproportionation  of  the  (Ta.W^C  Soli*! 
Solution  Towards  Lower  Temperatures 
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Figure  III.  F. .  1  5 . 21 .  Max’mum  Solidus  Temperatures  of  the 

Monocarbide  (Bl)  Solid  Solution. 


Top:  Maximum  Solidus  Composition  Line 


F.  PARTIAL, QUATERNARY  METAL-CARBON  SYSTEMS 


Figure  III.  F.  I .  1  Section  TajC-V^C -Mo  ZC  at  1650"  C 

(Figures  at  Boundaries  Refer  to  the  Unit 
Cell  Volumes  of  Subcarbide  Solutions) 
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Figure  III.  F.  1.2.  Section  Ta^C  -  V2C- Mo^C  at  2000  C 

(Figures  at  Boundaries  Refer  co  the  Unit  Cell 
Volumes  of  Subcarbide  Solutions) 
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Figure  UI.F.4.2.  Section  TaiC-Nb*C-W,C  at  2000' C 


(Figures  at  Boundaries  Refer  to  Unit  Cell 
Volumes  of  Subcarbide  Solutions) 


.-niXmf  Miiiii-1 t;  inWFN44.nn.  ‘itr  irr  1  niitrimimiim  „  m  uumDiii 


F igure  III .  G  .  2 .  \ 


Isothermal  Section  of  the  Zr-Si-C  Syste 
at  130CTC 


Figure  III. G.  3.1  Isothermal  Section  of  the  Hf-Si-C  System 
at  1 300°  C 
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Figure  III. 1. 1  •  3 .  Ti-Zr-B:  Isopleth  at  30  At . %  B 


i<n  re  ILL.  I.  1 .  12.  Isothermal  Section  of  the  Ti-Zr  -B  System 
at  I6C0C  C 
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Figure  III. I.  1 .  '  5.  Isothermal  Section  of  the  Ti-Zr-B  System 
at  2020' C 
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Figure  III.I.1.18.  Isothermal  Section  of  the  Ti-Zr-E  System 
at  3  225°  C 
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Figure  III. I. 2. 2.  Ti-Hf-B.  Isopleth  at  4C  At.%  B 
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Figure  III. 1.2. 13.  Latt  ice  Parameters  of  the  Monoboride  Solid 
Solution 
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Figure  III. H. 2. 14.  Maximum  Solidus  Temperatures  of  the 
Solution  (Ti,Hf)E.  (Peritectic -Type  of 
Melting) . 
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Figure  111.  I.  2.  1 5 .  Temperatures  (Bottom)  and  Compositions 
(Top)  for  the  Metal-Rich  Eutectic  Trough 
in  the  Ti-Hf-B  System 
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igure  HI.  I.  3. 3.  Zr-Hf-B:  Isopleth  at  30  At.%  B 
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Figure  III. 1. 3. 5.  Liquidus  Projections  in  the  Zr-Hf-B  System 

- Maximum  Solidus  Temperatures  oi 

the  (Z r  ,  Hf)B  2  Solid  Solution 
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Figure  III. 1.3. 12.  Isothermal  , 'Section  of  the  Zr-Hf-B  System 
at  1 775°  C 
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Figure  III. I. 3.  17.  Partial  Isothermal  Section  of  the  Zr-Hf-B 
System  at  3000°  C 


- ATOMIC  %  HAFNIUM 


Figure  III.  I.  3. 18.  Partial  Isothermal  Section  of  the  Zr-Hf-B 
System  at  3300°  C 
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Figure  III.  I.  3. 19.  Experimentally  Determined  Mel'.ing 

Temperatures  of  (Zr  ,  Hf)Bz  Alloys  and 
Estimated  Maximum  Solidus  Tempera¬ 
tures 
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Figure  III.  1.3.21.  Composition  <Top)  and  Temperatures  of  the 
Metal-Rich  Eutectic  Trough  in  the  Zr-Hf-B 
System 
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Figure  III. 1. 4. 2.,  Melting  Along  the  Pseudobinary  Section 
ZrBi-WiBj 
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Isothermal  Section  of  the  Hf-Mo-B  System 
at  1400° C 
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Figure  III.I.5.2.  HfB^-MoB^  Pseudobinary  System 
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Figure  III.  I.  8.1.  Measured  Solidur  Temperatures  of  the 
Solid  Solution  (Zr,Ta)B?_ 
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Figure  III.  I  .9.2. 


Lattice  Parameters  of  the  Solid  Solution 
<Hf,Nb)B2  ■ 
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Figure  III. I  .10.1.  Measured  Solidus  Temperatures  of  the 

Solid  Solution  (Ta.HfJB^ 
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Figure  ill. K.  1.3.  Liquidus  Projections  for  the  Ti-b-C 
System  (Approximate). 
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Figure  III. K. 1.4.  Ti-B-C:  Melting  Troughs  and  1 
(d  =  const)  Equilibria  Involving 
Phases 
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Figur  «?  Ill .  K  .  1  .  1 2 .  Isothermal  Section  of  the  Ti  -  B-  C  System 

at  2160'  C 
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Figure  III. K.  1  . 14.  Isothermal  Section  of  the  Ti-B-C  System 

at  2420° C 
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Experimental  Data  on  Alloys  Located 
Along  the  Paeudobinary  Section  Tid^-C 
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Figure  III. K.  2,4.  Liquious  Projections  for  the  Zr-E-C 
System  (Approximate) 
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Figure  III. K.  2. 11.  isothermal  Section  of  the  Zr-B-C  System 

at  2400° C 
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Figure  III.K.Z.17..  Isothermal  Section  of  the  Zr-B-C  System 

at  Z600' C 
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Figure  III. K. 2. 13.  Isothermal  Section  of  the  Zr-B-C  System 

at  2800° C 
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Figure  IU.K.2.  16.  Melting  Along  the  Pseudobinary  Section 
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Figure  UI.K.3.9.  Isothermal  Section  of  the  Hf-B-C  System 
at  1 800°  C 
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Figure  III. K. 3.  10.  Isothermal  Section  of  the  Hf-B-C  System 

at  1 940°  C 
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12.  Isothermal  Section  of  the  Hf-B-C  System 
at  2050'  C 
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Figuri  III. K. 3.  lb.  Isothermal  Section  of  the  Hf-B-C  System 
at  3 100°  C 
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Figure  III. K.  3, 18.  Expet  imental  Data  on  Alloys  Located  Along 
the  Pseudobinary  Section  HfB^-HfCi-x 
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Figure  HI.  K.  3. 20.  Melting  in  Pseudobinary  HfBj  *  H»C  Alloy 
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Figure  III. K. 4. 5.  Isothermal  Section  of  the  W-B-C  System 
at  2000°  C 
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III .  K .  4 . 6  .  Isothermal  Section  of  the  W  •  B  - C  ^ 

at  21 50°  C 


Figure  III.  K.  4. 7.  Isothermal  Section  of  the  W-B-C  System 
at  2320°  C 
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Figure  Iii.K.4.14.  Experimental  Melting  Temperatures  at  the 

Pseudobinary  Section  WB-C 
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figure  HI. K. 4. 15.  Experimental  Malting  Temperatures  at  the 

p8eudobinary  Section  W^B*.  C 
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Figure  UI.K.4.16.  Jbixper  intents 1  Melting  Temperatures  at  the 

Pseudobinary  Section  W2Bs-B*C 
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Figure  III.  L.  1.2.  The  Ta-N  Boundary  System 
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Figure  III.  L.  1.4.  Liquidus  Projections  in  the  Hf-Ta-N  System 
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Figure  III.  L,  1.8.  Isothe  rmal  Section  of  tne  Hf-Ta-N  System 
at  ^ 1 265°  C 
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Figure  111.  L.  1 . 1 1 .  Isothermal  Section  of  the  Hf-Ta-N  System 
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Figure  III.L.  1.16.  Isothermal  Section  of  the  Hf-Ta-N  System 

at  2850° C 
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